Recent studies show that approximately 20% of patients with brain metastases treated only with stereotactic radiosurgery (SRS) die of neurologic causes. 1 While the number of patients who die of neurologic death seems to have decreased over time due to the earlier detection of brain metastases. 2 those who experience neurologic death commonly suffer from a decline in quality of life, functional independence, and cognitive abilities prior to succumbing 
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to their intracranial disease. In general, neurologic death represents a failure of CNS-directed therapy; thus, rapid neurologic death suggests a failure of upfront CNSdirected therapy.
Prospective studies suggest that the use of whole brain radiotherapy (WBRT) can decrease the likelihood of neurologic death in the setting of resected solitary brain metastasis 3 and unresected brain metastasis when combined with SRS. 1 However, the benefit of upfront WBRT must be weighed against the risk of subacute worsening of quality of life 4 and chronic worsening of cognition commonly seen with WBRT. 5 Several randomized trials have shown that the omission of WBRT from upfront radiosurgical management of patients does not lead to a worse survival. 1, 6 The use of upfront WBRT for managing patients with brain metastases has declined over time with the publication of multiple randomized trials showing no survival benefit of WBRT over SRS alone. 1, 6, 7 One issue that remains to be addressed is the identification of populations that may still benefit from upfront WBRT. We performed a retrospective single institution analysis of patients managed with upfront SRS to identify predictors of the mutually exclusive competing risks of neurologic and nonneurologic death.
Materials and Methods

Data Acquisition
This study was approved by the Wake Forest School of Medicine Institutional Review Board. The dataset was derived from the Wake Forest Gamma Knife database, wherein patients treated between January 2000 and December 2013 for brain metastases who received upfront SRS without WBRT were identified. Electronic medical records were reviewed to verify patient characteristics and outcomes. Diagnosis-specific graded prognostic assessment (DS-GPA) was determined based on the parameters set forth by Sperduto et al. 8 
Patient Follow-up and Endpoint Definitions
Following initial SRS treatment, patients were followed with MRI of the brain and clinical examination at 4-8 weeks postprocedure and then every 3 months thereafter. Neurologic death was defined as previously described by Patchell et al. 3 In brief, regardless of the status of extracranial disease, if a patient died with progressive neurologic decline, he or she was determined to have had neurologic death. Also, patients with severe neurologic dysfunction dying from intercurrent disease were considered to have had neurologic death.
Radiosurgical Technique
Patients were treated with single fraction SRS using the Leksell Gamma Knife B, C, or Perfexion units (Elekta AB, Stockholm). Prior to radiosurgical treatment, patients underwent high-resolution stereotactic MRI of the brain. Treatment planning was performed on the Leksell GammaPlan Treatment Planning System (Elekta AB, Stockholm). A median dose of 19 Gy (interquartile range, 17-21 Gy) was prescribed to the 50% isodose line for each lesion. The prescribed dose was generally based upon recommendations set forth by Shaw et al; 9 however, a decrease in margin dose was used at physician discretion based upon the size of the lesion and where this size fell within the ranges as tolerable for a given dose.
Statistical Analysis
Median follow-up and time-to-event outcomes were defined as the time from SRS to the time of the most recent follow-up or the event of interest. Time-to-event outcomes were summarized using the Kaplan-Meier estimator with log-rank tests performed for stratified outcomes. Median follow-up time was estimated using the reverse KaplanMeier method. Patients who were either alive or deceased with an established cause of death were included in the subsequent competing risks analysis. Deceased patients for whom the cause of death could not be determined were excluded. Cumulative incidences of neurologic and nonneurologic death were estimated using Fine and Gray's methodology. 10 Competing risks models were developed to estimate the single variable subdistribution HRs associated with each predictor. Putative predictor variables for which univariate analyses were performed included age, sex, ethnicity, DS-GPA, KPS, primary site, primary histology, number of brain metastases, presence of brainstem metastases, systemic disease status (stable vs progressive), systemic disease burden, lowest SRS dose, and the use of targeted therapies. Statistically significant (P<.05) variables identified on UVA were included in forward stepwise regressions to identify the multivariable models that minimized Akaike's information criterion (AIC). 11 These results were used to guide purposeful development of multivariate competing risks models for both neurologic and nonneurologic death. Statistical analysis was performed Importance of the study Predicting brain metastasis patient populations at relatively high risk of neurologic death is of significant clinical concern because knowledge of factors predisposing to neurologic death may allow clinicians to better prioritize intracranial versus extracranial therapies. In the current study we have identified factors predictive for neurologic death in patients treated upfront with SRS alone, which should allow for greater individualization of treatment strategies implemented in these patients. 
Results
Survival Outcomes
A total of 738 patients were identified that met study criteria. The characteristics of these patients can be found in Table 1 . Median follow-up was 53.9 months (95% CI, 45.3-75.5 mo). Of 738 patients treated with upfront SRS alone, 95 (12.9%) patients were alive, and 643 (87.1%) patients were deceased at the time of analysis. Of all deceased patients, the cause of death was neurologic in 226 (35.1%), nonneurologic in 309 (48.1%), and unknown in 108 (16.8%). A total of 630 patients were either alive or had known cause of death and were subsequently included in the competing risks analysis. The one-year and two-year cumulative incidences for all-cause mortality were 59.6% and 81.2%, respectively. The one-and two-year cumulative incidences for neurologic death were 24.0% and 34.0%, while the oneand two-year cumulative incidences for nonneurologic death were 35.6% and 47.2%, respectively ( Fig. 1 ).
Predictors of Neurologic and Nonneurologic Death
Multivariate competing risks analysis identified an increased hazard of neurologic death associated with DS-GPA ≤2 (P=.005), lowest SRS dose (P =.004), melanoma histology (P=.009), and increasing number of brain metastases (P<.001). An increased hazard of nonneurologic death was seen with increasing age (P=.03), nonmelanoma histology (P<.001), presence of systemic/extracranial disease (P<.001), and progressive systemic disease (P<.001). Results are summarized in Table 2 .
Stratified Cumulative Incidences of Neurologic and Nonneurologic Death
The cumulative incidences of neurologic and nonneurologic death were further explored and were stratified by variables found to have HRs predictive of either event (Fig. 2) . Melanoma was associated with higher rates of neurologic death as compared with nonmelanoma histology (Fig. 2A) . The lowest SRS dose received to a brain metastasis had a significant effect on the cumulative incidence of neurologic death that was most apparent when stratifying by the doses in Fig. 2B . Patients with KPS<80% had similar cumulative incidences of neurologic versus nonneurologic death, while patients with KPS≥80% had lower cumulative incidences of neurologic versus nonneurologic death as well as lower neurologic death versus KPS<80 patients (Fig. 2C) . Patients with 4+ brain metastases also had cumulative incidences of neurologic death similar to that of nonneurologic death, which was significantly higher than that seen in patients with 1-3 brain metastases (Fig. 2D) . Patients with progressive systemic disease had higher incidence of nonneurologic death versus those with stable systemic disease, with no difference in cumulative NeuroOncology agent was 23.5% versus 35.4% for patients who did not receive a targeted agent (P =.04) (Fig. 2H) . The benefit of targeted therapy began to diminish at approximately 1.5 years, and at 4 years the cumulative incidence of neurologic death was similar for patients who received targeted therapy (38.2%) as compared with those who did not (38.9%). The HR associated with the use of targeted therapy was thus not statistically significant over the entire 5-year post-SRS period (HR, 0.85; CI, 0.66-1.12; P=.25) but was a statistically significant predictor of neurologic death in the initial 1.5 years following SRS (HR, 0.70; CI, 0.50-0.97; P=.04).
DS-GPA
Patients were analyzed by subset to determine the effect of DS-GPA on neurologic death for each of the most common primary malignancies. An increased HR for neurologic death was seen with decreasing DS-GPA for patients with breast cancer (P=.02), lung cancer (P=.03), melanoma (P=.04), and renal cell carcinoma (RCC) (P=.05). Fig. 3 depicts the cumulative incidences of neurologic and nonneurologic death as stratified by DS-GPA for each of these primary malignancies. No association was seen for gastrointestinal sites (P=.38). Univariate DS-GPA models were compared with models that included the individual component variables used to calculate DS-GPA for each respective primary malignancy. AIC values were found to be very similar between the composite DS-GPA models and the models that included the individual component variables.
Discussion
Historically, the brain metastasis population has included large numbers of patients with symptomatic brain metastases. 12 With the advent of improved imaging modalities incidence of neurologic death (Fig. 2E) . In lung cancer patients, there was a trend towards higher cumulative incidence of neurologic death with squamous cell carcinoma versus adenocarcinoma; however, this was not statistically significant (P =.06) (Fig. 2G) . The cumulative incidence of neurologic death was similar for patients receiving cavitydirected SRS as compared with those who did not (P=.24); however, the incidence of nonneurologic death was lower for patients receiving cavity-directed SRS. Stratified oneand two-year cumulative incidences for neurologic and nonneurologic death are reported in Table 3 .
Effect of Targeted Agents
Of the 630 patients analyzed, 221 (35.1%) received systemic treatment with a small molecule or monoclonal antibody targeting a specific mutation or pathway during or within 30 days of receiving SRS. The one-year cumulative incidence of neurologic death for patients who received a targeted Abbreviations: DS-GPA, diagnosis-specific graded prognostic assessment; HER2, human epidermal growth factor receptor 2; IQR, interquartile range; KPS, Karnofsky performance status; RCC, renal cell carcinoma; SRS,stereotactic radiosurgery. Abbreviations: CI, 95% confidence interval; DS-GPA, diagnosisspecific graded prognostic assessment, HR, hazard ratio; SRS, stereotactic radiosurgery. 
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and improved screening guidelines, however, this population has evolved to now consist predominantly of patients with occult and asymptomatic brain metastases, 2, 13 with lower incidences of neurologic death. 2, 14, 15 In the recent phase III EORTC 22952 study of WBRT versus observation after surgery or SRS for brain metastases, 28% of patients experienced neurologic death in the arm of the trial receiving WBRT. 1 Some series, however, have continued to report rates of neurologic death as high as 50-75% in particularly high-risk populations. [16] [17] [18] Factors previously identified that predispose brain metastasis patients to neurologic death include radioresistant histology, 16 intratumoral hemorrhage, 17 brainstem location, 19, 20 and the lack of WBRT. 1, 3 In the present study, we attempted to determine factors that may predict neurologic death in the population that has not received WBRT using a competing risks model to characterize high-risk populations more accurately. Abbreviations: CI, cumulative incidence; DS-GPA, diagnosis-specific graded prognostic assessment; KPS, Karnofsky performance status; SqCC, squamous cell carcinoma; SRS, stereotactic radiosurgery. *This P value corresponds to the initial 1.5 years following SRS; over the entire 5-year post-SRS period, P = 0.25.
Although WBRT has previously been shown to decrease the risk of neurologic death after surgical resection, 3 recent trends in practice have favored the use of cavity-directed SRS to avoid the toxicities of WBRT while maintaining local control at the site at highest risk for failure. In a series by Jensen et al, however, neurologic death occurred in 50% of patients receiving SRS to the brain metastasis resection cavity at one year. 18 The study by Jensen et al did not account for the competing risk of nonneurologic death, however, likely resulting in inflation of neurologic death estimates due to significant censoring. When accounting for the competing event of nonneurologic death, the results of the present study suggest that the cumulative incidence of neurologic death was statistically similar at one year for patients who received cavity-directed SRS (27.2%) as compared with those who did not (22.9%) . This finding highlights the importance of the use of competing risks analysis when evaluating mutually exclusive, high incidence survival outcomes.
Radioresistant histologies such as renal cell carcinoma and melanoma represent populations in which SRS may play a role in mitigating neurologic death. A retrospective series by Wronski et al found a 75% rate of neurologic death in patients with renal cell carcinoma treated with WBRT; 16 however, more recent SRS series have reported a rate of neurologic death in the renal cell carcinoma brain metastasis population closer to 25%. 21 For radioresistant brain metastases, patients who receive SRS may have a lower incidence of neurologic death due to the ability of SRS to locally control brain metastases. The results of the present study suggest that renal cell carcinoma has a relatively low one-year incidence of neurologic death (20.0%) with upfront SRS alone. Unfortunately, the one-year incidence of neurologic death for melanoma patients was 39.5%, suggesting the need for improvement. As melanoma patients have high rates of distant brain failure and intratumoral hemorrhage, 17, 22 it is possible that these factors may negate the advantage of improved local control afforded by SRS.
The present study has identified several novel predictors of neurologic death, including lowest SRS dose to the tumor margin, KPS, DS-GPA, and targeted agent use. As patients in this study were consistently prescribed SRS doses based upon tumor volume constraints set forth by RTOG 90-05, 9 the lowest SRS dose is an inversely proportional surrogate for tumor volume. Larger volume brain metastases have been implicated in worsening survival in prior series, and we interpret the association between lowest SRS dose and neurologic death in the current study as confirming that larger tumors contribute to neurologic death 23 as opposed to being a measure of correspondingly large burdens of extracranial disease. KPS and number of brain metastases were also predictive of neurologic death, as was DS-GPA, the calculation of which is highly reliant 
on these variables. With the knowledge that DS-GPA is predictive of neurologic death, clinicians may now simultaneously estimate overall prognosis as well as risk of neurologic death with this single composite endpoint.
The clinical utility of the present study lies in the identification of populations for which CNS-directed therapies ultimately fail to prevent neurologic death. For these identified populations at high risk of neurologic death with SRS alone, escalation of CNS-directed therapies may be appropriate, with options including dose escalation with staged SRS, 24 use of combined modality intracranial therapy (surgery + SRS or WBRT + SRS), and also concurrent targeted therapies, 25 as targeted agents were found in the present study to mitigate or at least delay neurologic death.
There are several limitations of this current study. As a retrospective analysis, it is subject to patient selection bias, and thus its primary role is to generate hypotheses. While the patient population is large, data were collected over a 13-year interval during which significant changes occurred in the management of multiple cancer histologies. Prospective validation is necessary to confirm the findings of the current study-if validated, however, these findings could represent a useful tool to risk-stratify patients by the likelihood of failing initial CNS-directed therapies.
Conclusion
Melanoma histology, lower DS-GPA, greater number of brain metastases, and larger metastases appear to predict neurologic death. The use of targeted therapies appears to delay neurologic death and may be a worthwhile consideration for patients eligible for these therapies and at high risk of this event, although clinical studies are required to validate these results.
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